Abstract-Undesirable power oscillations take place in gridconnected voltage sourced converters (VSC) during unbalanced conditions. This problem becomes more difficult and pronounced during transients which include zero sequence content flowing through the ac/dc interface. This paper introduces a method especially designed to control the instantaneous power in voltage sourced converters operating under unbalanced transient scenarios with positive, negative, and zero sequence content. The control is based on an adaptive transformation that instantaneously adjusts itself to the dynamic voltage conditions. The method allows control over constant and oscillating terms of the instantaneous threephase power. It is applied to grounded three-wire and four-wire schemes, especially accommodating zero sequence unlike previous approaches. The technique expands the application of the p-q theory, which is attached to the αβ0 transformation. The effectiveness of the proposed control approach and the proposed power conditioning scheme was demonstrated using electromagnetic transient simulation of a VSC connected to an ac system. Index Terms-AC-DC power conversion, power conditioning, power control, power converter, power system measurements.
I. INTRODUCTION

D
IFFERENT types of contingencies impose crucial challenges for the operation of voltage sourced converters (VSCs). Asymmetrical transient faults, for example, force these devices to operate under unbalanced conditions (three-phase voltage and current with different magnitudes or different shift angles among the phases, or both deviations together). This scenario may lead to severe power oscillations through the ac/dc interface, depending on the characteristics of the dynamic transients and the control systems available at the power converter. The voltage sourced converters are ideally expected to sustain the power orders even during grid disturbances, riding through as many transient events as possible according to different grid codes. They should attend increasing demands related to lowvoltage-ride-through capability, with minimized impact on the power delivery.
Some important issues should be considered prior to addressing the power flow controllability of the converters operating under adverse ac circumstances, e.g.: How is the instantaneous power phenomena described in three-phase four-wire systems for general ac conditions? Is there an advantageous manner to instantaneously calculate the power transfer during unbalanced scenarios?
Enhanced power concepts have been proposed in an attempt to evaluate the instantaneous power for adverse ac conditions. Among the modern concepts, the p-q theory [1] , [2] elegantly emerged and quickly became adopted by a large group of power electronics professionals. This theory was expanded in many later publications [3] - [9] , such as the modified p-q theory [3] , [4] , which stood out introducing new concepts related to the instantaneous reactive power. They are valid for steady-state and transient analyses, being used to design different voltage sourced converter controllers. However, the p-q theory states that it is impossible to produce constant zero sequence power, i.e., the average and oscillating terms related to zero sequence power coexist [9] - [11] .
Several solutions have been proposed to deal with VSCs operating under unbalanced voltages by appropriately injecting synthesized currents to attenuate power oscillations [12] - [19] . The control strategies include rotating reference frames [13] - [16] with proportional-integral controllers, stationary frames [17] - [19] with proportional-resonant controllers, as well as nonlinear hysteresis and predictive deadbeat controllers, among others [21] . The controllers based on the p-q theory present good performance, including for example the ones based on separate reference frames for positive and negative sequences [18] - [19] ; as well as table-based direct power control using hysteresis controllers [20] . Nevertheless, dealing with zero sequence transients is still complicated due to the intrinsic oscillating behavior of the zero sequence power [8] - [11] , which affects the total threephase energy flow per time unit. This is one of the reasons why zero sequence content is not welcome in most circuits, being frequently avoided [9] .
It is common to block zero sequence currents using delta transformer connections, focusing the analyses on three-wire systems. However, this type of winding connection may lead to overvoltage, for example, during transient single-phase faults [22] . Delta configurations may also lead to dc voltage unbalance (demanding use of choppers, for instance), as a consequence of pole-to-ground faults [22] . The zero sequence current can likewise be blocked depending on the converter bridge topology and connections between the ac and dc transmission sections. For all these cases, the high impedance to the zero sequence makes fault detection more difficult due to the small value of the fault current.
To overcome these issues, this paper proposes a power control method to deal with positive, negative, and zero sequence power through voltage-sourced converters interconnecting ac and dc networks. The approach introduces a transformation technique, labeled mno transformation, which provides a distinct method to calculate the instantaneous power on general three-phase transmission systems, exposing its advantages for unbalanced conditions. The application to power conditioning devices is explored by presenting a control scheme that enhances the power transfer capability through VSCs, mitigating power oscillations. The motivation emerged due to the lack of robust controllers to minimize power oscillations during unbalanced conditions characterized by positive, negative, and zero sequence content. The proposed control method allows three-phase instantaneous constant power transmission even in the presence of zero sequence voltage and current.
This paper is organized as follows: In Section II, a vector transformation is introduced, which sets the stage for the development of enhanced instantaneous power equations. In Section III, instantaneous power components are presented, which decompose the total instantaneous power calculation into constant and oscillating terms for three-phase transmission topologies under either balanced or unbalanced scenarios. In Section IV, the main application that motivated the development of these power equations is discussed with a method able to separately control the constant and the oscillating terms of the total instantaneous power flowing through voltage source converters. Finally, in Section V, the main conclusions are summarized.
II. mno TRANSFORMATION
Several linear mathematical transformations have been developed to assist on the visualization of polyphase systems, particularly during unbalanced conditions, such as the symmetrical components [23] , the dq0 transformation [24] , and the αβ0 transformation [25] .
The original and modified p-q theories define instantaneous three-phase power calculations exclusively based on the αβ0 transformation, which converts voltages and currents to the αβ0 stationary reference frame [9] . The zero sequence components are separated from the αβ components by such transformation, which is convenient for instantaneous power flow analysis in three-wire systems. These instantaneous power theories are also defined to four-wire systems, operating with three independent voltages and three independent currents [10] . This system may manifest unbalanced transients with zero sequence components at the voltage and current, therefore producing zero sequence power.
The authors of the instantaneous power theory state that "zero-sequence components should be avoided in three-phase systems because these cannot produce three-phase constant power" [9] . As previously mentioned, the p-q theory is attached to the stationary αβ0 transformation, motivating investigations toward a new transformation, which will be further introduced.
The mno transformation relates voltages and currents in the abc to the mno coordinate systems, and vice versa (inverse mno transformation). The transformation is based on the creation of the mno three-dimensional (3-D) Cartesian reference frame. It is a time-domain basis that adjusts itself instantaneously according to a vector, referred to as the normal vector. The normal vector tracks the instantaneous three-phase measured voltage.
The complete mno transformation is expressed for the voltage vector by the following equation:
where the matrix M m no converts the three instantaneous abc voltages v abc into three instantaneous components in the mno reference frame; and the matrix M dq further decomposes each of these mno components into two direct-quadrature components, creating the 6-D vector v dq m no . This transformation produces the instantaneous voltage and current components required to evaluate the total instantaneous three-phase power.
A. mno Matrix
Vectors for three independent voltages and three independent currents of a general three-phase four-wire system can be instantaneously represented in the abc and in the mno 3-D cartesian coordinate systems by
(2) whereâ,b,ĉ are the directional unit vectors of the abc coordinate basis representing phases a, b, c, respectively; andm,n,ô are the corresponding unit vectors of the mno coordinate basis. In matrix notation, (2) is given by
The transformation from the abc to the mno coordinates is
where M m no is defined as:
and the inverse mno transformation, which transfers the mno back to the abc coordinates, is given by (6) where M −1 m no is defined as the transpose matrix of (5) M Matrixes (5) and (7) are continuously adjusted by six timedependent angles (θ a , θ b , θ c , φ a , φ b , φ c ), named mno angles, which are updated depending on the reference normal vector, as will be shown below.
B. Instantaneous Normal Vector
The instantaneous normal vector n abc is obtained as shown in Fig 
This vector is normalized to unit magnitude to yield the first mno basis vectorô. Fig. 1(b) illustrates the components of the normal vector for a section of the voltage locus curve, defined by the endpoints of the voltage vector v abc . The normal vector is orthonormal to the mn plane, which is the plane defined by three immediately consecutives endpoints of the voltage vector v abc (t − Δt), v abc (t), and v abc (t + Δt), as Δt → 0. In a digital implementation, Δt is a suitably small sampling time-step. The instantaneous voltage tangent vector is calcu-
The origins of the normal vector n abc and voltage vector v abc coincide with the origin of the coordinate basis (assuming no dc offset on the unbalanced phases).
For a steady-state balanced voltage, the normal vector and the mn plane are stationary. For a fundamental component periodic unbalanced voltage, the mn plane is still stationary, but no longer parallel to the αβ plane, defined by the αβ0 transformation. Furthermore, during transients, the normal vector and the mn plane become time-dependent.
C. mno Angles
The mno pitch angles (θ a , θ b , θ c ) represent the angles between the directional unit vectorô and the directional unit vectors of the original abc reference frame [see Fig. 2(a) ]. They are calculated as 
The projections onto the mn plane of the unit vectorsâ,b,ĉ, [see 
from which the mno yaw angles can be evaluated as 
The elements of the αβ0 matrix are always constant, unlike the elements of the time-dependent mno matrix.
D. Numerical Example
Consider the following unbalanced three-phase voltage and current (ω = 2π50 rad/s):
The matrix M m no is evaluated based on the voltage. Fig. 3 illustrates two cycles of the above waveforms in the abc and mno coordinates, as well as the αβ0 components for comparison. Fig. 4 shows the voltage and current loci in the abc and mno reference frames for one cycle. The unit vectorô is the normalized cross product of the instantaneous voltage vector v abc and its tangent vector d v abc /dt (see Fig. 1 Once the mno basis is updated, the current vector i m no is also resolved along the mno directions, and it will in general not have itsô component i o as zero, as in the example (23) illustrated by Fig. 3(b) and Fig. 4(b) .
E. Direct and Quadrature mno Components Matrix
Each of the three instantaneous mno components obtained from the matrix M m no are decomposed into two direct-quadrature components by the following matrix:
where the operator j = √ −1. (26) which create six dq mno components for the voltage and six dq mno components for the current. The mno components in terms of the corresponding dq components are
Fig . 5 illustrates the voltage and current signals (27) , with the π/2 phase shift between the dq components.
III. ENHANCED INSTANTANEOUS POWER MEASUREMENTS
The instantaneous active and reactive powers are evaluated, respectively, by the dot and the cross product of the instantaneous mno voltage and the instantaneous mno current vectors. In this approach, the active power comes out as a scalar and the 
Accordingly, the instantaneous active power is obtained as
and the instantaneous reactive power magnitude is given by
where The waveforms for p and | q| perfectly agree with the total active and reactive instantaneous power calculations of the modified p-q theory [9] , except that the mno power components p m , p n , p o , q m , q n , q o are not consistent to the respective αβ0 power components p α , p β , p 0 , q α , q β , q 0 , defined as
Substituting the dq mno components (27) into (30), (32) 
wherep andp correspond respectively to the constant and oscillating components of the active power;q m ,q n ,q o are the constant terms of the reactive power vector; andq m ,q n ,q o are the oscillating components of the reactive power vector. These power components are referred to as the mno instantaneous power components, which are calculated as (23), illustrating the instantaneous reactive power vector q and the locus of the endpoints of q in a plane. The reactive power vector q is composed of vectors q m no , with fixed orientation, and q m no , which rotates at twice the system frequency. For balanced steady-state scenarios, | q m no | is zero, thus q = q m no . Fig. 8 shows the results achieved for the instantaneous mno power components (41) related to the unbalanced scenario (23) . Fig. 8(a) shows the active power components (37), followed by Fig. 8(b)-(d) which illustrates the mno reactive power components (38), (39), and (40), respectively. 
IV. INSTANTANEOUS POWER CONTROL
A method able to maintain constant instantaneous active and reactive powers on grid connected voltage sourced converters is introduced in this section. The advantages of the procedure stand out during unbalanced scenarios, including zero sequence voltage and current. It enables the converter to remove power oscillations. The method is based on the instantaneous mno power components previously introduced.
A. Converter Bridge Topologies and Equipment Connections
In order to assess the control operating principles, electromagnetic transient simulation was carried out in PSCAD/EMTDC by modeling a two-level three-phase voltage sourced converter. The wye-wye transformer connected to the point of common coupling (PCC) provides a path for the zero sequence current harmonics and fundamental neutral currents, which will not be blocked and it will be controlled. Note that as discussed below, the mno method relies on controlling the zero sequence current in a desired manner which is only possible in a four-wire system or in a system with grounded neutrals as shown in Fig. 9 , where the neutral on the dc side and the neutral on the interface transformer may be connected together either with a fourth wire or by connecting both to ground. Fig. 9 shows the grid connected VSC which includes the converter bridge with insulated-gate bipolar transistors, phase reactors, wye-wye transformer, dc capacitors, and ac filters. The system also includes the control, monitoring, and protection schemes. The converter is operated to generate the specified active and reactive powers infeed to the ac network. The converter is part of a dc connection to a remote converter that controls dc voltage magnitude.
B. Control
The mno instantaneous power control generates the required current orders to be established on each phase of the voltage sourced converter with the objective to remove any oscillations on the active and reactive powers. The individual dq mno current references are generated and then recombined to generate the required abc currents as shown in Fig. 10 .
In this paper, the current hysteresis controller known for its good dynamic performance [26] is used to issue the converter firing pulses necessary for generating the phase current orders.
C. Grid Synchronization
The synchronization system is responsible for continuously generating the six mno angles from the measured three-phase voltage at the PCC. These angles are required in the dq mno and inverse dq mno transformation blocks, shown in Fig. 10 .
This procedure can be subdivided in three steps (see Fig. 11 ): Calculation of the instantaneous voltage tangent vector (normalized derivative), generation of the instantaneous normal vector to yield the basis vectorô (as discussed in Section II-B), and calculation of the mno angles (as described in Section II-C).
The voltage tangent vector components are obtained by generating signals in quadrature with the phase voltages. The method adopted uses the quadrature signal generator based on the second-order generalized integrator structure [27] , which is able to process the input signals similar to a delay-free filter. Fig. 12 shows results of the grid synchronization for the unbalanced voltage condition (23). 
D. dq mno and Inverse dq mno Transformation
As shown in Fig. 13(a) , the complete mno transformation block translates the three abc voltages into three mno components using (5) and then to the six dq mno components using (24) . These voltage components are acted upon by the power controller of Fig. 10 to generate the six dq mno current components references, in order to produce oscillation free active and reactive powers as ordered, following a specific power control strategy (next session).
In the inverse dq mno transformation block, these six dq mno current components references are converted first to mno components using (27) , and then to abc coordinates using (6) , as shown in Fig. 13(b) .
E. Power Control Strategy
Once the dq mno components of the voltage are known, the current components necessary to obtain the desired active and 
and the generated reference current vector is given by
As the main objective is to maintain constant instantaneous power flow, the active and reactive powers oscillating terms in (47) are set to zero, providing a power order vector as
With ripple eliminated, the constant active power termp * is set equal to the desired active power order, and the net reactive are set equal to zero; consequently, the reactive power termq * o is set equal to the desired reactive power order. This strategy is tantamount to make the orientation of the reactive power vector parallel to the instantaneous unit vectorô of the mno reference frame. This was done as a matter of convenience, as only one order has to be generated instead of three. Other strategies based on different combinations ofq * m , q * n , andq * o to give the same total reactive power order value would also work; this is regarded as future research.
It can be shown from (46) that such condition forces the current component to be zero in the mno reference frame. Therefore, the current locus lies in the time-dependent mn plane, just like the voltage, i.e., both voltage and current present only mn components different than zero in the mno reference frame, even though zero sequence components are not zero in the αβ0 stationary basis. The mn components represent positive, negative, and zero sequence content in a plane, similarly to the symmetrical components planar representation proposed by the Manitoban Fortescue [23] .
This power control strategy provides four degrees of freedom related to four components of the dq mno synthesized current (i For the unbalanced voltage (23) characterized by positive, negative, and zero sequences [see Fig. 3(c) ], active and reactive power orders respectively at 1.0 and 0.25 pu were given, based on the power strategy previously described. Fig. 14 shows the following:
1) the instantaneous active and reactive powers under the unbalanced voltage (23); 2) the dq mno current components 3) the respective mno components to achieve the oscillation free active and reactive powers as ordered; and 4) the equivalent generated reference current in the abc domain. It is evident, even during the unbalanced voltage condition from 450 to 650 ms, that the active and reactive powers remain essentially constant due to the transient controlled injection of the synthesized currents components of Fig. 14(b) . Note the abc currents distorted during this transient condition with positive, negative, and zero sequence powers, a tradeoff for maintaining the total active and reactive powers constant.
V. CONCLUSION
A new vector transformation method was introduced, allowing the calculation of the instantaneous electric power in a peculiar advantageous manner, especially for unbalanced scenarios in three-phase four-wire or grounded systems. With this method, instantaneous current orders can be generated to maintain constancy of active and reactive power transfer under unbalanced voltage conditions, including zero sequence power. The applicability of the method was demonstrated by electromagnetic transient simulation of a grid-connected voltage sourced converter.
